In view of lacking in velocity field data for the flow through turbine blade internal cooling passages, laser Doppler velocimetry measurements are presented for the flow development in a two-pass smooth rectangular duct of 1.1 aspect ratio with a 180 deg straightcorner turn with and without duct rotation. The test duct had a curvature axis normal to the rotational axis. The Reynolds number based on the bulk mean velocity and hydraulic diameter was 1.4 x 10 4 and the rotation numbers were 0 and 0.082. Characteristics, such as the upstream and downstream extents of the sharp-turn effect on the main flow profile, curvature induced Dean vortices inside the turn, turning geometry-induced • separating bubble immediately downstream of the turn, and the resulting double-peak mean velocity profiles in the second pass are used to describe the developing mean flow for the case without rotation. High turbulence levels and significantly more non-uniform flow after the sharp turn in the front part of the second pass explain previously reported work showing higher but non-uniform heat transfer after that turn. Rotating the duct augments and shifts the peaks of the stretunwise mean velocity and turbulence intensity profiles towards the trailing and leading walls of the first and second passes, respectively. In addition, the duct rotation skews the separating bubble and reduces its . size to about 75% of its stationary counterpart. 
INTRODUCTION
Flow fields in two adjacent ducts connected by a 180 deg turn are encountered in many practical applications such as the hot gas manifold of the space shuttle main engine power head (Kwalc et al., 1986) , the internal coolant path of advanced gas turbine blades, and in ventilation piping systems. The present study focuses on a two-pass rectangular smooth passage with a 180 deg sharp turn, roughly simulating the first two passes of a serpentine coolant passage internal to a cooled turbine blade, as shown schematically in Fig. 1 . The space constraints in cooling blade passages dictate a small radius of curvature (Rd for the 180 deg turn, often smaller than the duct hydraulic diameter (DH), such that the turning geometry-induced secondary flow, flow separation, recirculation, and reattachment result in noticeable effects on the pressure loss and non-uniformity of heat transfer distribution. However, most prior studies pertaining to 180 deg turning flows, both laminar (Cheng et al., 1977; Hille et al., 1985; Fairbank and So, 1987) and turbulent (Chang et al., 1983; Azzola et al., 1986; Johnson, 1988; Choi et al., 1989) , are limited to turning geometries with radii of curvatureto-duct hydraulic diameter ratios (Rc/D H) larger than one. In such configurations, streamwise flow separation is either absent or mild. Hence, a better understanding of the local flow structures in blade cooling passages with a 180 deg turn is imperative. This information will facilitate the relevant heat transfer design and is crucial for lowering blade metal temperatures and , in turn, increasing blade life.
Among the previous studies concerning fluid flow and/or heat transfer in a smooth duct with a 180 deg sharp-turn, Metzger et al. (1984 Metzger et al. ( , 1986 performed pressure measurements, surface ink-streaklines visualizations, and heat transfer coefficient measurements, based on thermocouple measured segment temperatures for nine different geometries. This study included changes in the ratio of inlet to outlet channel width, and the divider tip-to-wall clearance, for Reynolds numbers ranging from 1 )< 10 4 to 6 x 10°. They observed a large separated recirculation flow zone along the downstream side of the divider. Considerable variations in heat transfer distribution resulted from this flow separation and reattachment region. Chyu (1991) examined both two-and three-pass channels with rectangular turns using an analogous naphthalene mass transfer technique for Reynolds numbers of 2 x 10 4 to 7.4 X 104. An important finding was that heat transfer characteristics around the second turn were virtually the same as those around the first turn. This result may suggest that, in a multiple-pass passage, heat transfer at the first turn has already reached the thermally periodic condition. The above-mentioned studies did not report secondary flow patterns. Cheng et al.(1992) visualized the secondary flow patterns at various axial cross-sections in a square duct with a 180 deg sharp turn for three different divider tip-to-wall clearances and Reynolds numbers of 200, 500, and 800 using the smoke injection method. It was found that the secondary flow patterns, featuring by one to four pairs of vortices, were distorted and the flow becomes turbulent in the region two to three duct hydraulic diameters after the turn for Re = 500 and 800. Recently, Wang and Chyu (1994) presented computational results of mean secondary flow patterns and heat transfer distribution in a two-pass, square duct with a 180 deg sharp turn for three different turning configurations: 1) straight-corner turn; 2) rounded-corner turn; and 3) circular turn. Turbulence was modeled using an extended version of the k-e model, and the inlet conditions were fully developed profiles for mean velocities and turbulence parameters. Results showed that overall heat transfer greatly increases in the turning region; nevertheless, spatial variation in the local heat transfer was also very significant and depended strongly on the turn geometry. Moreover, the straight-corner turn yields the highest heat transfer enhancement relative to the fully developed straight channel ' flow.
For serpentine smooth passages with rotation, most previous studies include heat transfer measurements (Wagner, et al., 1991a,b; Han and Zhang, 1992; Yang et al., 1992) and predictions (Telcriwal, 1994; Sathyamurthy, et al., 1994; Rigby et al., 1996) . However, there is little experimental data for velocity measurements. Cheah et al. (1996) reported laser-Doppler anemometry measurements of a turbulent flow field in a rotating U-bend of strong curvature (Rc/D H = 0.65) with a Reynolds number of lx 10 5 and rotational number of 0, 0.2, and -0.2. Their rotational rig was designed such that the curvature axis (Y axis in Fig. 1 ) of the duct is parallel to the axis of rotation although most turbine coolant passages have their axis of rotation normal to their curvature axis. Moreover, their axis of rotation was designed at the middle of the whole partition wall. They found that positive rotation, which was defined as one in which the duct trailing (pressure) side coincides with the outer side of the U-bend, doubles the length of the separation bubble and generally suppresses turbulence levels.
The preceding brief survey reveals the lack of experimental measurements of turbulent velocity fields, compared to its heat transfer counterpart, in a channel with a 180 deg sharp turn and a curvature axis normal to the rotational axis. Further, as pointed out by Johnson (1988) in his numerical simulation of local Nusselt number, for turbulent flow in a square duct with a 180 deg bend, broad agreement with experiment is achieved for local Nusselt number predictions even though significant disagreements occur between velocity field predictions in the region away from the wall and the corresponding experimental data. It is these facts that motivate the present research to perform detailed measurements of the turbulent flowfield in two-pass rectangular duct with a straight-corner turn ( Fig. 1 ) using non-intrusive laser-Doppler velocimetry (LDV). The straight-corner (or square-corner) turn is the most common case when a 180 deg sharp turn is molded in the laboratory and adopted virtually in all of the previous studies (Wang and Chyu, 1994) . Preceding survey also indicates that the square-corner turn yields the highest heat transfer enhancement among the various turning configurations examined (Wang and Chyu, 1994) . To compare with these previous studies and avoid optical distortion through the curved wall in the turn region, the square corners in the 180 deg sharp turn is thus used in the present work. LDV is chosen since flow reversals and large turbulence fluctuations associated with the sharp turn are expected. It is hoped that the data obtained herein lend insight to the complex flow investigation and can also be used for verification of ongoing computational predictions of internal flows in coolant passage with and without rotation.
Experimental Apparatus and Conditions

Experimental Apparatus
The flow system and LDV experimental setup in the present work is shown schematically in Fig. 2 . Air was axially drawn into one end of a hollow shaft, made a 90 deg turn in one side of a settling chamber, and radially flowed into the test section. The settling chamber was an enlarged part of the hollow shaft and internally partitioned into two pans by the divider of the two-pass coolant passage. As pictured in Fig.  I , the air flow in the first and second passages of the test section was radially outward and inward, respectively. Downstream of the test section, the air flow made a90 deg turn in the other side of the settling chamber and then flowed axially through inside the hollow shaft, a rotary joint, a curved duct, a flowmeter, a bellows, and then exhausted by a 2.2 KW turbo blower.
The LDV experimental setup is similar to that described in Liou et al. (1993) . The LDV optics is a two-color four-beam two-component system. A 4-W argon-ion laser with 514.5 nm (green) and 488 tun (blue) lines provided the coherent light sources. Both forward and off-axis scattering configurations were used in the experiment based on 1/e 2 extent of light intensity, the former provided a probe volume of about 1.69 mm in length and 0.164 mm in diameter and the latter 0.74 mm in length and 0.164 mm in diameter inside the test section. The entire LDV system was mounted on a milling machine with four vibration-isolation mounts, allowing the probe volume to be positioned with 0.01 mm resolution. The light scattered from salt particles with a nominal 0.8 mm size was collected into the photomultiplier and subsequently downmixed to the appropriate frequency shift of 0.1 to 10 MHz. Then two counter processors with I ns resolution were used to process the Doppler signals and feed the digital outputs into a PC-486 for storage and analysis. The phase angle in a given cycle was determined with an optical encoder attached to the pulse generator (hollow shaft). A phase angle processor was used to generate a trigger pulse at any selectable phase angle. This trigger pulse was in turn input to an inhibit module which output a variable duration pulse to inhibit the counter processor over a selected phase angle interval. The positioning window of each measuring location was indexed by the rotary encoder with a resolution (ER) of 0.125 degree. When a velocity measurement was validated by the counter processor, the phase angle-velocity data was transferred to the PC-486 and recorded in separate data bins. The circumferential length of a single data bin was from 0.71 to 1.27 ram as the measuring location varied from X/DH=11.2 to X/DH.1 (Fig. I) . Two circumferential traverses were performed along 2 close radial positions to obtain profiles along straight traverse lines by data interpolation. Figure 1 shows the configuration, coordinate system, and dimensions of the test section which was made of 3-mm thick acrylic sheets for optical access. The flow path has a cross section of 25 mm x 22 mm with a corresponding hydraulic diameter of DH = 23.4 nun. The lengths of the first pass, sharp turn, and second pass are 12.8 DR, 2.3 DH, and 12.8 DH, respectively. At the turn, the clearance between the tip of the divider wall and the duct outer wall is kept equal to 1.07 DH (or 25 mm) and the width of divider wall that separates the two flow passes is 0.13 DR. For the case of rotation, the mean radius-to-passage hydraulic diameter ratio is 19.7. The coordinate origin is chosen at the tip center of the partition wall (Fig. 4) such that the X-coordinates upstream and downstream of the turn are all positive whereas in the turn negative. However, it should be noted that the streamwise mean velocity component U is taken positive along the main stream direction.
Test Section and Conditions
In the present study, the Reynolds number, based on the bulk mean velocity of Ub = 8.94 m/s and hydraulic diameter, is fixed at 1.4 X 104 for both the stationary and rotational cases. For the rotational cue, the rotational speed is fixed at 300 rpm corresponding to a rotational number of 0.082. At this rotational speed the channel height of the test section corresponds to a phase angle window of about 4 degrees. The velocity measurements were made at nine and ten radial stations for the first and second flow passes, respectively. Ineach station the streamwise velocity were made along two orthogonal dines, (V', Z.5) and (Y":), Z'). The secondary-flow velocity vector mappings were performed over nine cross-sectional planes. Moreover, detailed velocity vector mappings for the region from 1 DR upstream of the turn to 2 DH downstream of the turn in the Y . = 0 plane were made. The inlet reference cross section is chosen at X" = 11.2 of the first flow pass.
Data Uncertainty
The presented mean velocity and turbulence intensity were calculated from the probability distribution function of the measurements. Typically, 2000 -4000 realizations were ensemble averaged at each measuring location for the stationary and rotational cases. Additional measurements of higher realizations (8000) in the high fluctuation regions were also taken to make sure the attainment of statistical convergence. For the latter case there were 40000 to 80000 realizations within the phase angle window over many revolutions. The corresponding statistical errors in the ensemble mean velocity and turbulence intensity were less than 0.018 Ub and 0.031 Ub, respectively, for a 95 % confidence level.
There are several methods for velocity bias corrections for LDV measurements. In the present work the velocity bias was first corrected by using the well-known weighting method of Mclaughlin and Tiederman (1973) for regions where local turbulence intensity was below about 25% (Drain, 1980) . The difference between weighted and unweighted data sets was found to be below 2%. For regions in the shear layer of the separation bubble and near-wall regions, the turbulence level was typically very high, and near-zero velocities frequently appear due to flow reversal resulting in very large weighting vectors and , in turn, in an overcorrection. For these regions, therefore, measurements were repeated using the equal time interval sampling, and the corrections due to velocity bias were found to be within 3.6%.
The phase angle broadening (or positioning window broadening) and velocity gradient broadening were coupled for the rotational case. To choose an appropriate phase angle resolution, measurements were performed for .positioning window widths of 0.1 deg, 0.125 deg, and 0.18 deg. The results showed that there was little change in the mean velocity profiles as the positioning window width was varied. A typical example will be shown later. However, considerable differences in the turbulence intensity profiles were found between different window widths, as will be shown later. Less than 19 and 3.4 percent (relative to lib) differences in the measured rt2 /l1b results were found between positioning window widths of 0.18 deg and 0.1 deg, 0.12$ deg and 0.1 deg, respectively. Since the maximum difference between positioning window widths of 0.125 deg and 0.1 deg is comparable to other uncertainties described in the Data Uncertainty, the positioning window width of 0.12$ deg was chosen in the rotational case of the present work.
Uncertainty analysis pertaining to velocity gradient broadening (stationary case), data repeatability, flow-rate conservation, etc., were similar to those included in the work of Lieu etal. (1990) and estimated to have overall values of U < 0.015 1.1b and u < 0.023 U5.
Results and Discussion
Flow Development in r = 0 Plane (Ro = 0)
The streamwise evolution of the X-component mean velocity profile along the Y" = 0 plane for the stationary-duct case is depicted in Fig. 3 . The turning of the flow from the settling chamber into the first pass makes the streamwise mean velocity profile at inlet reference plane X' = 11.2 slightly skewed. The skewness gradually decreases as the flow proceeds from X . = 11.2 to X = 7.4. Measurements of the streamwise mean-velocity distributions along f = 0.08 and r = 0.92 (i.e., along lines at a distance of 2 mm from inner and outer walls, respectively) reveals that downstream of X' = 3.0 the flow has sensed the existence of the sharp turn and, therefore, displays an acceleration and a deceleration near the inner and the outer walls, respectively. This profile exists due to the favorable and adverse pressure gradients along the inner and outer walls, respectively, before the turning (Lion and Liao, 1995) . The velocity near the inner wall can be as high as 1.33 U5 at Xs = 0.1 whereas the velocity near the outer wall can be as low as 0.44 Ub at X . = 0.1.
Immediately downstream of the sharp turn the flow enters the second pass. Near the turn the pressure distributions along the inner and outer walls in the second pass are completely opposite to those in the first pass (Liou and Liao, 1995) and, hence, the acceleration is now occurring near the outer wall and the deceleration occurs near the inner wall. Owing to the inability of the flow to follow the sharp turn, Fig. 3 clearly demonstrates a large separation bubble existing adjacent to the tip of partition wall, as visualized by Metzger et al. (1984) , with a maximum negative U/Ub of 0.57 and a reattachment length of about 1.75 hydraulic diameters away from the partition-wall tip. Downstream of the separating recirculation zone the flow gradually redeveloped with a decrease and an increase of mean velocities near the outer and inner walls, respectively. As can be seen from Fig. 3 , the flow redevelopment is, however, not completed at the exit of the second pass.
Inside the sharp turn, Fig. 4 shows the presence of the corner vortex around the outer wall corner (X' = -1, = -1). It should be pointed out that this corner vortex was also found in the calculation of Wang and Chyu (1994) for the cases of straight-corner and circularcorner turns but not for the case of a U-bend. Also in their case the partition wall had a thickness of 0.50 DH which is about four times that of our case. The consequence is that the geometry-induced separating recirculation zone is mainly occurring on the tip region of the partition wall in their case while it exists downstream of the partition-wall tip in our case. The foregoing comparison suggests the significant effect of the divider wall thickness on the flow characteristics inside and immediately after the sharp turn.
Flow Development in r = ±0.5 Plane (Ro=01
The normal vector of Z' planes is parallel to the axis of rotation and, hence, (Fig. I) approximately parallel the direction of Coriolis force in the rotating duct case. As pointed out in the Introduction, the streamwise flow development in f = ±0.5 planes (Fig. 1 ) of a two-pass duct with a sharp turn has seldomly been reported in the open literature and is therefore depicted in Fig. 5 for Re = 0 and Re = 1.4>( 10 4.
Because the r = ±0.5 planes are perpendicular to the curvature axis of the entry flow turning into the first pass from the settling chamber and the inflow into the sharp turn from the first pass, the streamwise mean velocity profiles in the first pass of the f = -0.5 plane (Fig. 5) are almost unaffected by the turning curvatures and more symmetric than the counterparts in Y' = 0 plane ( Fig. 3) , particularly around X' =0.1.1n contrast, the flow development in the second pass of f = 0.5 plane is more complex and features the double-peak streamwise mean velocity profile within the region of about 6 Di, after the turn and top-hat profile as X' > 6. The double-peak mean velocity profile results from the combined effect of curvature-induced cross-section secondary flow and aforementioned sharp-turn induced separating recirculation flow, as will be made clear from the secondary flow pattern presented below. Figure 6 shows the evolution of the secondary flow pattern at several selected cross-sections. The secondary-flow mean-velocity vector fields are plotted in the way of facing downstream direction. Owing to the entry turning effect, the secondary flow vectors point toward inner wall (f =0) in the first pass with the maximum magnitudes of velocity vector of 0.06 Ub and 0.26 Ub at X' = 3.7 and X' = 0.1, respectively. Inside the turn, the counter-rotating Dean vortex pair appears. An example is shown in Fig. 6 for the cross-section of Z' = 0. It is noted that the cross-stream velocities are very large, as high as 1.7 Ub, near X' = 0 due to thin partition wall. The reversal flow regions are confined within 0.25 DH of the upper (r = I) and bottom (Y" = -1) walls.
Cross-Section Secondary Flow (Ro=01
Immediately after the turn, X' = 0.1 in Fig. 6 , the counter-rotating vortex pair is pushed toward outer wall (X' = -I) and limited to half of the cross-section (0.5 <Z < 1) by the separating bubble previously presented in Figs. 3 and 4 . The cross-stream mean velocity inside the separating bubble is very low, as low as 0.05 U5, as indicated by the shorter vectors in the region of 0 < f < 0.5 (Fig. 6 , X' = 0.1). It is worth mentioning here that the prevalence of large cross-stream velocity, about 0.98 Ub, between the two counter-rotating vortices, i. e., in the region frl <0.25, diverts the main stream fluids in EY'l < 0.25 from f = 0.5 plane and, hence, lowers the main stream velocity there. The above observation provides the rationale for the formation of doublepeak sfteamwise velocity profile at X' = 0.1 (Fig. 5) of the second pass in r = 0.5 plane. Downstream of the separation bubble, the crosssectional secondary flow pattern at X" = 3.7 is further distorted into asymmetric vortices. There are a large counterclockwise vortex in the fourth quadrant and a very small clockwise vortex at the corner formed by the outer ( Z = 1) and top ( r = 1) walls. Nevertheless, the magnitude of the maximum velocity vector has decreased to 0.09 Ub or an order of magnitude smaller than that at X' = 0.1 of the same flow pass. At the further downstream cross-section of X' = 7.4, the secondary-flow vortices disappear and the magnitudes of the velocity vector decreased to less than 0.05 U5, which is similar for the flow at X' = 7.4 of the first pass. The sharp turn also has an effect on the fluctuation level of the two-pass duct flowfield. Figure 7 depicts the streamwise turbulence intensity profiles at various X stations where Fig. 3 has shown the corresponding streamwise mean velocity profiles. In the first pass the / Ub profiles are all very similar with levels of 0.09 ± 0.03, except near the wall where the levels are higher and within 0.17 ± 0.03. In contrast, Fig. 7 clearly demonstrates the significant effect of the sharp turning on raising and changing the turbulence intensity profile level and shape in the second pass. The turning geometry induced separating recirculation flow (0 < X <1.75), the reattachment of separating shear layer (X'orl .75), and the core fluids' expanding through the divergent passage ( 0.5 < X' < 4), formed by the latter part of separating bubble and outer wall, all contribute to the increase of turbulence level. Only in the convergent stream passage ( 0 < X' <0.5), formed by the front part of the separating bubble and outer wall, where the core fluid accelerates did the levels of8 17/ Ub decrease. For a given streamwise turbulence intensity profile, the peak turbulence intensity generally occurs around the shear layer bounding the recirculation flow zone. For instance, the peak ri / Up occurs around 2" = 0.45 (open diamond), 0.62 (solid square), 0.38 (open square), and 0.25 (solid dangle) at cross sections X' = 0.1, 0.5, 1, and 1.5, respectively. Among them the peak Ci Ub location Z' = 0.62 at X" = 0.5 corresponds to the maximum height of the separation bubble. Moreover, the maximum peak value of C / Ub = 0.54 occurring at X' = 1.5, slightly upstream of the reattachment point X er=1.75, is consistent with the general conclusion of (CI Ub)irsx occurring at or slightly upstream of a separated reattaching shear flow (Eaton and Johnston, 1981) . Adjacent to the reattachment, the curving downward separating shear layer spreads and splits (Eaton and Johnston, 1981) with one part reattaching onto the inner wall and the other part convicting downstream. The shear layer downstream of reattachment becomes wider in thickness and weaker in velocity gradient, resulting in the lack of a sharp peak C2 / Up and decreasing turbulence level for X .22. As the flow proceeds to )(sag, the effect of turning geometry on the flow fluctuation has nearly vanished and the turbulence level is the same as that in the first pass.
The streamwise turbulence intensity profiles in the 2' = -0.5 and = 0.5 planes of the first and second passes, respectively, are plotted in Fig. 8 . As in Fig. 7 , the Cr 2 / Up profiles in the Z = -0.5 plane, of the first pass, are all very similar with a turbulence level slightly higher than that in Fig. 7 . In the 2' = 0.5 plane of the second pass, the double-peak mean velocity profile at X' = 0.1 (Fig. 5) , as a result of the combined effect of curvature induced secondary flow and sharp turning induced separating bubble, raises the turbulence intensity to a value as high as Jr', Up 4.48 (Fig. 8) . The turbulence level subsequently decreased to a value about the same as that in the first pass for X' 2 8. At this point, it is worthwhile to point out that the high turbulence-intensity levels and significant variation in the local turbulence-intensity profiles in the front half part of second pass presented in Figs. land 8, may explain the experimentally measured (Metzger et al., 1986) and computationally predicted (Wang and Chyu, 1994) high heat transfer coefficients and large variations in the heat transfer distribution around the separating recirculation and reattachment zones.
Effect at Duct Rotation
As pointed out in the foregoing discussion, there is a lack of information on the flow characteristics in the r plane of rotating ducts.
Figures 9 and 10 thus depict the effect of duct rotation on the evolution of strearnwise mean velocity and' turbulence intensity profiles, respectively, in the 2' = -0.5 (first pass) and 2' = 0.5 (second pass) planes. As inferred from Fig. 1 , the Conchs force was directed from the leading wall towards the trailing wall in the first pass, whereas its direction is reversed in the second pass. Hence, Fig. 9 shows that relative to its stationary counterpart, the streamwise mean velocity profiles for 0.1 <X' < 11.2 in the first pass of the rotating duct (Ro = 0.082) are all skewed towards the trailing wall with a higher peak value of U/Ub = 1.2 -1.3 occurring around Y' = 0.4 -0.6. Conversely, the symmetric double-peak U/Ub profiles in the second pass for the stationary case is skewed towards the leading wall, say at X' = 0.1, and eventually becomes a single-peak profile with peak value occurring at say at X' = 3.7, for the rotating case. Notice that a typical example showing the sensitivity of the measured mean velocity and turbulence intensity profiles to the widths of the positioning window is also included in Figs. 9 and 10 for the measuring location of X .4.1 and 2"=0.5 in the second pass. A detailed discussion regarding the associated uncertainty contribution has been given previously in the Data Uncertainty.
The Coriolis force also has a significant influence on the corresponding turbulence intensity profiles. In general, it increases the turbulence intensity level, less around the duct core region art < 0.5) and more near the leading and trailing walls, as shown in Fig. 10 . In the first pass of the rotating duct, the irri /U b peak shifts to the region near the trailing wall, and the corresponding C2 /Ub reaches a value as high as 0.3 to 0.4, or 1.5 to 2.2 times that of the stationary case. The turbulence intensity distribution in the second pass of the rotating duct is more complex. Although similar to that in the first pass, the values of 172 /1_1b still peak near the leading and trailing walls. Immediately adjacent to the sharp turn at X' = 0.1, the maximum peak ir2 /Ub is about 0.69 and occurs near the trailing wall as in the first pass. Nevertheless, at a hydraulic diameter downstream of the separating recirculation zone, X' =3.7, the maximum peak in rd 114 had shifted to the leading wall due to the Coriolis force from the trailing to the leading wall in the second pass and has a value of 0.45 or 1.3 times that of the stationary case.
Rotation also has an effect on the aforementioned separating recirculation zone immediately after the turn on the downstream side of the divider. A near wall (2-mm from the wall) scan, as shown in Fig. 11 where U/14 is plotted versus Y" for various X', clearly reveals the three dimensional nature of the complex flowfield within the short distance after the turn. Among the X * investigated in Fig. 11 , only at X' = 1.62 are the cross-sectional U/Ub all positive. At X' =1.45 the U/Ub profile had a small negative velocity zone near Y' = 1 (trailing wall). An interpolation indicates that the maximum length of the separating recirculation bubble was about X = 1.5 along the trailing wall (Y' = I).
Along the X-axis (y. = 0 and 2' = 0) reattachment occurs at X' = 1.32 (Fig. 11) , which is about 75% of its stationary counterpart, X' = 1.75. It is noted that the Coriolis force made the positive and negative parts of the U/Ub profile skew toward the leading (Y' = -1) and trailing walls, respectively, resulting in the tail of the separation bubble being skewed toward the trailing wall and hence a decrease in the separation bubble size. It is also worth mentioning here that the present results of the rotational duct flow indicate a decrease in length of the separation bubble and an increase in turbulence levels while Cheah et al. (1996) reported a reversed trend for the positive rotation case. The difference between the two results may be due to the difference in the angle between the curvature axis of the duct and the axis of rotation, as addressed in the Introduction. For the case of Cheah et al. (1996) , the direction of Coriolis force in the second pass was toward the outer wall for the positive rotation. As a result, the main flow was further shifted toward the outer wall and the bubble size increased both in height and length. In addition, the Dean-type secondary vortices were suppressed by Coriolis force, which led to a decrease in turbulence levels in their front part of the second pass. In contrast, the direction of Coriolis force in our study tended to skew the Dean vortices, which was responsible for the higher turbulence levels in our rotational case.
Summary and Conclusions
The developing and secondary flow fields in a two-pass smooth rectangular duct with a 180 deg straight-corner turn with and without rotation have been characterized using Laser-Doppler velocimetry. For the stationary duct the sharp turn is found to affect the main flow up to 3 hydraulic diameters before the turn and down to 11.2 hydraulic diameters of the second pass after the turn. Inside the turn a corner vortex exists around the outer-wall corner. A separating recirculation zone resulting from the sharp straight-corner turn and thin partition wall appears immediately after the turn on the divider wall side with a maximum length and height of 1.75 and 0.62 hydraulic diameters, respectively. As a result of curvature-induced secondary flow and separating recirculation flow, the flow development along the spanwise central plane of the second pass, not reported in the past, was featured by a double-peak streamwise mean velocity profile for the region within 6 hydraulic diameters after the turn and a top-hat profile for the further downstream region. A Dean-type counter-rotating symmetric vortex pair prevailed inside the turn, with a cross-stream mean velocity as high as 1.7 times bulk mean velocity. The vortex pair was limited to about half of the cross-section in the region immediately after the turn due to the presence of a separating bubble, and subsequently distorted into an asymmetric complex vortex pattern in the further downstream region, about 4 hydraulic diameters, with a cross-stream mean velocity typically an order of magnitude smaller than that inside the turn. In general, the sharp turning makes the turbulence intensity levels higher and considerably more non-uniform in the front part of the second pass as compared to the first pass. This result parallels the higher but significantly non-uniform heat transfer coefficient distribution after the turn reported by previous research. Higher turbulence intensity is found along the shear layer bounding the separating recirculation zone and associated with the double-peak velocity profile. The maximum peak turbulence intensity attained value of 0.54 times bulk mean velocity and occurred at 1.5 hydraulic diameters downstream of the turn or 0.25 hydraulic diameters upstream of the reattachment.
A rotation of the two-pass duct investigated, made the streamwise mean velocity profiles in the spanwise plane of the first and second passes skewed towards the trailing and leading walls, respectively. The separating bubble immediately after the turn is also skewed and reduced in size to about 75% of its stationary counterpart. The Coriolis force generally raises the turbulence level near the leading and trailing walls of the flow pass. The augmented turbulence intensity can be as high as 1.5 to 2.2 times, 2.1 times, and 1.3 times that of its stationary counterpart in the first pass (near the trailing wall), adjacent to the sharp-turn exit (near the trailing wall), and in the second pass (near the leading wall), respectively. • .
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